We report hot filament thermal CVD (HFTCVD) as a new hybrid of hot filament and thermal CVD and demonstrate its feasibility by producing high quality large area strictly monolayer graphene films on Cu substrates. Gradient in gas composition and flow rate that arises due to smart placement of the substrate inside the Ta filament wound alumina tube accompanied by radical formation on Ta due to precracking coupled with substrate mediated physicochemical processes like diffusion, polymerization etc., led to graphene growth. We further confirmed our mechanistic hypothesis by depositing graphene on Ni and SiO 2 /Si substrates. HFTCVD can be further extended to dope graphene with various heteroatoms (H, N, and B, etc.,), combine with functional materials (diamond, carbon nanotubes etc.,) and can be extended to all other materials (Si, SiO 2 , SiC etc.,) and processes (initiator polymerization, TFT processing) possible by HFCVD and thermal CVD.
O f late, research on graphene has gained a tremendous momentum in view of its unprecedented applications in the field of optoelectronics, sensing, environmental remediation, anticorrosion surface coatings, metamaterials, solar cells, light emitting diodes, photonics, plasmonics, photodetectors, ultra-fast electronics, and bioelectronics [1] [2] [3] . This, in turn, has led to an upsurge in discovery of new processes that enable tailored fabrication of large-area graphene films for industrial scale production of graphene and graphene based devices. Nevertheless, of the many methods reported for production of graphene till date; chemical vapor deposition (CVD) and its variants with transition metal substrates seems to be a promising approach for large area production and commercialization 4 . Hence, graphene growth by CVD on metals such as Ir, Ni, Rh, Cu, Pt, Pd, and Co has been thoroughly investigated and thereby, growth mechanism(s) have also been put-forth 5 . In particular, the growth of graphene on low carbon solubility Cu substrates seems to be very attractive for commercial applications owing to its inexpensiveness and easy transfer on arbitrary substrates. In all CVD processes reported thus far, graphene is formed by nucleation of active carbon species formed by decomposition of precursors on metal catalyst (substrate) surface(s). Catalyst-free growth of graphene on Si, W, Mo, SiO 2 , Al 2 O 3 has also been accounted by ECR-CVD, and PECVD variants [6] [7] [8] [9] . Further, Graphene films at low-temperature (,450uC) have also been reported by Kim et al. by using MPCVD 10 . In this context, hot filament CVD (HFCVD) seems to be a rather unexplored technique for the growth of monolayer graphene films. HFCVD is of particular interest due to its wide applicability in processing and patterning of a plethora of materials. Moreover, substrates can be handled with ease as they have no role in deposition and films can be deposited on flexible as well as rigid substrates with excellent coverage, uniformity and speed. HFCVD is state of the art scalable plasma-free method to produce nanosized carbides, oxides, nitrides, in addition to device quality Si thin films for various applications 11 . HFCVD has also been used for the synthesis carbon nanotubes, nanowalls, carbon nitride, amorphous/graphitic carbon films along with diamond and diamond like carbon thin films 11, 12 . HFCVD has also been reported to make polymer coatings on variety of materials with varying shapes and sizes. Patterning and surface treatment possibilities in device processing have also been document for HFCVD. Devices like solar cells and TFT's have been also reported by HFCVD 11 . These advantages have made HFCVD a popular industrial process and is already been exploited on commercial scale by several companies for specific applications. HFCVD offers the advantages of using a wide range of precursors, in addition to low operating costs along with generation of atomic hydrogen and its wide industrial usage 13 . To the best of our knowledge strictly monolayer graphene films by modified HFCVD are yet to be reported. But during preparation of the present manuscript prima-facie results on graphene synthesis by HFCVD were documented 14 . No detailed analysis was reported with respect to quality of films thus formed 14 . In contrary to this report, we failed to deposit graphene films using conventional HFCVD conditions.
With these clues in mind and our experience in CVD processes [15] [16] [17] [18] [19] , we designed a hot filament thermal CVD (HFTCVD) system simply by placing an alumina tube between the windings of tantalum (Ta) filament and explored it for growth of graphene films on variety of substrates. By placing of the substrate inside the alumina tube we thought to create a gradient in gas composition and gas flow rate that would interestingly leads to graphene growth 20 .
In this communication, we present the detailed analysis of graphene films grown on Cu substrates (CH 4 /H 2 5 10550 sccm, 35 torr, substrate temp. ,600uC) by HFTCVD and provide evidence for graphene growth on Ni and SiO 2 /Si substrates as well (see Supplementary Fig. S4,S5 ). In principle, we believe that this arrangement would not only facilitate the fabrication of uniform single layer graphene films but also allow to dope them with a variety of heteroatoms (H, N, and B, etc., in gas-phase) and combine graphene/doped graphene with all other functional materials like diamond, silicon, carbon nanotubes etc., for fundamental studies as well as for making state-of-the-art electronic devices. Results Fig. 1a shows the photograph of our homemade HFTCVD system that was used for the deposition of graphene film on Cu substrate, and the inset shows the alumina tube wound with Ta filament during deposition. Fig. 1b displays the section schematic of our HFTCVD system. Our process cycle for graphene synthesis by HFTCVD can be divided into four stages (see Supplementary Fig. S1 ). Fig. 2a shows the typical as-deposited monolayer graphene (confirmed by Raman and XPS analysis) sample on Cu foil using our HFTCVD system. The inset in the Fig. 2a shows optical image of the bilayer graphene (BLG) sample transferred on Cu TEM grid. In our work, we have used an aqueous iron (III) chloride (FeCl 3 ) solution (1 M) as an oxidizing etchant to remove the Cu layers, as described elsewhere 21 . In the present case, we have transferred a BLG, because the pasting of the monolayers deposited on both sides of the Cu substrate takes place during transfer process. Fig. 2b displays a typical field-emission scanning electron microscope (FESEM) image for the as grown graphene films on Cu substrate. Domain regions and wrinkles typical for CVD grown graphene films are observed in our case too 22 . Fig. 2c displays FESEM image of BLG sheet on Cu grid and Fig. 2d depicts the high magnification FESEM micrograph of the red area denoted in Fig. 2c .
Further, to derive the topographical information and thickness of the as-deposited graphene layers, we employed Atomic Force Microscopy (AFM) in tapping mode on BLG samples transferred to Au/glass and Si substrate (see Supplementary Fig. S2 ). For image treatment we used specially designed software 23 . From the AFM topographic results, we can conclude that Au/glass, and Si are probably not the best suited substrates to measure precisely the step height of graphene and, in turn, its thickness due to large surface roughness of base material in agreement with observations of Lui et al. 24 To confirm the identity and quality of our as deposited graphene sheets on Cu substrates, we performed detailed micro-Raman studies. Raman spectroscopy is best suited to envisage graphene owing to the observance of distinct and rich vibrational spectra that reveals information related to number of layers, strain, substrate/temperature effects, edge configuration, electronic properties and defects in the graphene structure 25 . Fig. 3a compares the Raman spectra of graphene sample acquired by excitation at the same point on the sample with 325 nm and 441.6 nm laser lines. The corresponding optical image is shown in Fig. 3b . The Raman spectra were excited using lower power density on the surface to avoid damage. Remarkable changes in the spectrum occur when the energy of excitation decreases from 3.81 eV (325 nm) to 2.81 eV (441.6 nm) 26 . Within 130-1000 cm 21 spectral region a surprisingly rich spectrum is observed especially, under 441.6 nm (2.8 eV) laser line excitation. We attribute the features observed within this spectral region to the existence of a Cu 2 O underlayer 27 , formed between the Cu substrate and graphene layer. Cu 2 O crystallize in the cuprite structure (space group O 4 h ) and it would expected from group theory: one Raman active phonon (T 2g ); two Infrared allowed modes (T 1u ) and three phonons normally nor Raman neither infrared active (IR) modes (T 2u , E u , T 2u ) 28 . The spectra presented in Fig. 3a show more phonons bands than that expected from the group theory. This breakdown of the selection rules in Cu 2 O is long known and is ascribed to defects, nonstoichiometry and due to the resonant exciton 29 . The attribution of the Raman bands measured in this work in comparison with others previously reported is given in table in supplementary information (see Supplementary Table S6) .
The large enhancement observed for the two Raman forbidden (IR allowed) LO phonons localized at 154 cm 21 and 645 cm 21 under 441.6 nm laser line excitation is due to the resonance with the dipole- . We attribute this behavior to a slight displacement on the measuring point resulting from a vibration on the microscope stage when decreasing the laser line. As a consequence, an area with a higher concentration of defects was probed. Moreover, the frequency of G band does not change while the D band shifts (,60 cm 21 ) to higher frequencies, which agrees with the range 38-70 cm 21 /eV reported previously 31 . The G peak corresponds to the E 2g phonon at the Brillouin-zone center (C point), which explains why its position does not change with excitation energy. The D peak is due to the breathing modes of six-atom rings and requires a defect for its activation [31] [32] [33] [34] . It comes from TO phonons around the K point of the Brillouin zone [32] [33] [34] [35] is active by double resonance (DR) intervalley process 31 and is strongly dispersive with excitation energy due to a Kohn Anomaly at K Brilouin point 36 . The presence of D band indicates the presence of a large concentration of defects in graphene. Another aspect that is also evident is the broadening observed under excitation wavelength of 441.6 nm (2.8 eV), and a small shoulder at near ,1620 cm 21 . In Fig. 4a /eV reported by Irene Calizo et al. 37 through Vis-UV region. In highly quality graphene layer prepared by micromechanical cleavage of highly orientated pyrolytic graphite and transferred onto SiO 2 /Si the most prominent feature is the G9 band, even when no D peak is present, since no defects are required for the activation of second order phonons 37 . Moreover, under visible wavelength excitations the G9 is a sharp single peak in graphene in contrast with graphite or few-layers graphene [37] [38] [39] . This phonon band originates from intervalley scattering of two in plane transverse optical (iTO) phonons along the C-K-M-K'-C in the first Brilouin zone 38 . Fig. 3 also shows that, in contrarily to highly quality graphene 39 , the G band is the more pronounced peak under both ultraviolet excitation (325 nm) and visible excitation (441.6 nm). Irene Calizo et al. 37 also found that the graphene's G peak remains pronounced under UV (325 nm) and visible excitation (441.6 nm), however in that case they observed that the G9 band intensity undergoes a severe quenching. In the present work the I G9 /I G only slightly decreases under ultraviolet excitation when compared with visible excitation. Fig. 5 shows the Raman spectra for both wavelength excitations, after normalized to G9 peak Raman Intensity. Inspite of the lower signal/noise ratio we can identify two Raman bands at ,2966 cm 21 and ,3206 cm 21 that don't shift with the wavelength excitation. The absence of the dispersive character and their spectral location indicates that these bands are most probably related with the sp 2 C-H and sp 3 C-H stretching vibrations and C-OH stretching vibration, respectively. Under excitation wavelength of 441.6 nm, beyond the G9 band a weak band around 2445 cm 21 is also visible. This band is located very close to the reported G* band 26 , which also originate from a DR intervalley process, but that involves one iTO and one longitudinal acoustic phonon 35 . It is interesting to note that for both excitation wavelengths the G9 band shape has close resemblance to the G9 band shape usually observed for monolayer graphene, than the one obtained for a bilayer graphene or bulk graphite 38 . The low intensity of G9 band can be attributed to the presence of defect related D band.
Additionally, to corroborate the Raman findings, prove the existence of monolayer graphene and envisage the oxygen content along with the functional groups on the as-grown and transferred graphene samples we further performed detailed X-ray photoelectron spectroscopy (XPS) studies.
XPS is a suitable technique for determining the chemical composition of carbonaceous samples because the binding energy of a core level peak contains not only elemental, but also the chemical information. Moreover, the well determined binding energy for C 1s in sp2 configuration (284.8 eV) makes this technique a valuable methodology to evaluate charge transfer process inside a molecule or material 40, 41 . A core level peak can be decomposed in different curve components and each of them is signature of the chemical/electronic environment of the element 41 . Fig. 6a shows an overview XPS scan for the as deposited graphene films on Cu substrate. As expected the presence of copper, oxygen and carbon is evident in the general spectra. Moreover from the relative intensities between the Cu (substrate) and C (overlayer) we can estimate the number of layers of the adsorbate 41 . This intensity analysis is compatible with a monolayer graphene sheet on the surface (h50.94 ML). Fig. 6b ,c depicts the highresolution XPS scans for Cu 3s and C 1s, respectively. Fig. 6c shows the C 1s high resolution XPS scan for the graphene grown on a copper substrate via our HFTCVD. The peak can be decomposed in six components corresponding to C sp2, C-OH, C-O, C5O, C-C5O, and O-C5O with respective binding energies of 284.6 (component 1 in Fig. 6b ), 285.7 (component 2) (2), 286.6 (3), 287.5 (4), 288.7 (5) and 290 eV (6), respectively 40 . The oxygen-related components of the decomposed peak in curve components correspond to 27.7% of the total area of the C 1s peak indicating a certain degree of oxidization, which most likely could have come from the low-vacuum in the growth chamber. On the other hand, Fig. 6b shows the high resolution spectra for Cu 3s. The choice of this particular peak is due to the regular (flat) background that surrounds this core level, making the Cu 3s perfectly suitable for peak decomposition in curve-components, unlikely to other more intense levels of Cu. The Cu 3s spectrum can be deconvoluted into five peaks at 119.5 (1), 121.0 (2), 122.4 eV (3), 123.6 (4) and 124.7 (5) that could be assinged to Cu5C, Cu-C, Cu-Cu, Cu-O and Cu-OH, respectively 42,43.45 . In any case, the need of including core-level components in the fit with binding energies different to 122 eV (component 3 Fig. 6b ) indicates the presence of CuO at the surface region 42 . However, it should be well-remembered that XPS is not the best probe to distinguish between different oxidation states of Cu due to the small energy shifts between the different oxidized configurations. For instance, both Cu 2 O and the main Cu-Cu component have been reported to appear around 122.2 eV 42 ; hence, we believe that the main oxide should correspond to Cu 2 O as confirmed by the Raman studies. Fig. 6d shows an overview scan for the graphene transferred to Au. As expected, in the spectrum the peaks corresponding to Au are present while those pertaining to Cu are completely absent. The position where Cu 2p is expected is pointed by a small arrow. Presence of Fe on the surface, coming from impurities of the FeCl 3 solution used in the transferring process, is insignificant (normalized ratio Fe 3p/C 1s is 0.025). There are no detectable traces of Cl on the surface. Fig. 6e ,f depicts the O 1s and C 1s high-resolution XPS scans for the graphene sample transferred on Au substrate, respectively.
The C 1s spectra for both the transferred as well as for the asgrown virgin sample on Cu substrate look similar eradicating the possibility of any strong chemical modification during the transfer process. The high resolution scan for C 1s on Au substrate shows peaks at the same energies of Fig. 6c , that is at 284.6 (1), 285.7 (2), 286.6 (3), 287.5 (4), 288.7 (5), 290 (6) eV and can be correlated to carbon atoms in the following configurations C sp2, C-OH, C-O, C5O, O5C,C-C5O and O-C5O, respectively. On transfer, C bonded with O components slightly increases, from the original 27.7% to 31.5%, indicating a small oxidization during the process but no strong modification in the chemical configuration of the transferred layers. By comparing the intensities within the Fig. 6d we can estimate the number of transferred graphene layers; from the normalized ratio (intensities divided by the cross section) between intensities C 1s/Au 4f 5 5.04. This value is compatible with the transfer of about 2.6 ML, as it can be also confirmed by optical microscope images (see Supplementary Fig. S2a ). However, it should be remembered that the clean Au-coated silica samples used as substrate have carbon contaminants. The normalized C 1s/Au 4f ratio is 0.75 for the clean samples which correspond to h 5 0.7 ML. By subtracting both quantities, we conclude to have transferred a bilayer of graphene (BLG, 1.9 ML) on to Au substrate. Formation of bilayer is obvious as graphene monolayers deposited on both sides of Cu substrates get pasted as a result of Cu dissolution in the FeCl 3 solution during the transfer process. Further, the formation of bilayer graphene is also confirmed by fast Fourier transform (FFT) pattern of high resolution transmission electron micrographs (HRTEM) of transferred graphene films (see Supplementary Fig. S3 ).
The presence of carbon-oxygen bonding is also evident in the O 1s spectrum recorded on graphene transferred to Au substrate (Fig. 6e) . The O 1s spectrum shows peaks at 534 (1), 532.9 (2), 531.8 (3) and 530.6 (4) eV, respectively, which could be assigned to C-C5O/O-C5O, C-OH/C-O, hydroxides, C5O and other carbon complexes [43] [44] [45] .
The O 1s spectrum indicates that majority of oxygen is present in the form of hydroxides. It should be remembered that oxygen plays a pivotal role in introducing a finite energy gap in the graphene structure 46 . Huang et al. 47 reported bandgap to be a non-monotonic function of the O 1s/C 1s ratio, with minima at O 1s/C 1s 5 0.11 and 0.25, corresponding to bandgap values of 0.780 eV and 0.354 eV, respectively. In our sample (Graphene/Cu), the normalized ratio O 1s/C 1s is 0.15 indicating that the graphene grown on copper is slightly oxidized both in the growth and transfer process with bandgap value that theoretically 47 lies between 0.780 to 0.354 eV. The normalized ratio of O 1s/C 1s is similar to the value for reduced-GOx (graphene oxide) samples (which is normally about 0.1). Noting that GOx samples normally have O 1s/C 1s ratio ,1 40 , we conclude that the resulting product can be seen as a partially oxidized graphene sheet.
To envisage the structure-conductance relationship, we performed detailed Conductive Atomic Force Microscopy (C-AFM) in contact mode, which provided simultaneously topographic and local electronic information 48 of the free standing bilayer graphene (BLG) membrane on TEM copper grid. Copper grids were chosen as substrates for current imaging because they permit direct observation of inherent local electronic properties of BLG membranes in free standing state without substrate effects. C-AFM can be done at (Fig. 7c ) and green line (Fig. 7d) , respectively. (f) Shows a combined current and topography image wherein the conducting domain is represented by green color and non-conducting areas are seen as red spots. (g) Shows current plots along the line (indicated by pink color in Fig. 7d ). (h,i) Shows local point contact I-V measurement and corresponding dI/dV curve performed on the red circle region (indicated by green arrow in Fig. 7d). www.nature.com/scientificreports SCIENTIFIC REPORTS | 2 : 682 | DOI: 10.1038/srep00682ambient conditions and provides a high contrast due to contact resistance difference between the tip and the sample. It is very advantageous over UHV-STM that is relatively painstaking and lateral force microscopy (LFM) wherein quantitative analysis is difficult owing to crosstalk between topographic and LFM signals 49 . C-AFM also provides a straightforward means of studying local electronic properties at grain boundaries and near wrinkles in addition to electrical discontinuities from micro to nano level 50 . The complete knowledge into these local current path variations is a prerequisite to use these BLG sheets as transparent conductive electrodes and chemical or biological sensors 22 . Fig. 7a shows schematics of the C-AFM current mapping measurement setup used in the present experiment for freely suspended BLG sheet on TEM copper grid and Fig. 7b shows large-area 3D topographic image for the same. While Fig. 7c shows topography of freely suspended BLG membrane and the corresponding local current image is shown in Fig. 7d . The non-conducting regions are clearly seen as dark patches in the film.
To confirm the same, we performed current measurements on a large area of the BLG and a single patch as depicted by the straight line (Pink) in Fig. 7d. Fig. 7e shows the height vs. distance and distance vs. current plot for the straight line (Green) in Fig. 7d , wherein, the dips in the green line clearly indicate that the film is composed of regular non-conducting domains in the conducting graphene sheet. The red line in Fig. 7e represents the height profile for the straight line region in Fig. 7c . The convolutions (Fig. 7e) in the height profile arise as the membrane is freely suspended on the grid. Fig. 7f represents a combined current and topography image wherein the conducting domain is represented by green color and non-conducting areas are seen as red spots. The presence of small irregular sized non-conducting patches within BLG is clearly evident. Fig. 7g displays the current distance curve for dark patch shown by pink line in Fig. 7d . One can clearly see the current becomes almost zero on the patch and regains when the tip is on the conducting one. The local current-voltage (I-V) curve shown in Fig. 7h and dI/dV curve in Fig. 7i corresponds to the point contact measurement depicted by red circle in Fig. 7d . The metallic signature for the BLG sample is clearly evident. Such kind of behavior was also observed by Liang et al. during kelvin probe measurements on functionalized graphene sheet 51 . The presence of non-conducting domains as evinced by C-AFM measurements can be related to the occurrence of hydroxyl and oxygenated functional groups observed in Raman and XPS studies thereby indicating slightly oxidized graphene.
Discussion
By corroborating the experimental approach with Raman, XPS, AFM analysis a probable mechanism can be putforth for the growth of graphene films by HFTCVD system. It should be well-remembered that there is always a thermodynamic driving force for deposition of graphitic phase under conditions of diamond deposition as graphite is more stable phase than diamond 9 . In our methodology, there is a steady state flow of primary, secondary and tertiary active radicals formed due to; (a) cracking of gases on the filament, (b) catalytic reaction of the filament, (c) reaction among the radicals themselves 52 . When the filament is on, high hydrogen diffusion and low carbon solubility in Cu 53 accompanied by atomic hydrogen etching of carbon precludes any deposition on the Cu substrate 12 . The largely negatively charged plume of radicals is in constant equilibrium as long as the filament is on 12 . A gradient in gas composition and gas flow rate is created by placing of the substrate inside the alumina tube 20 . The presence of charged gas phase nuclei in thin film processing by HFCVD has already been established 12 . As soon as, the filament is put-off with concomitant replacement of CH 4 by Ar, the temperature of the system starts to drop with perhaps supersaturation, polymerization, diffusion, restructuring, annealing, etching and phase transformation of (i) atomic carbon species, (ii) small gas phase carbon clusters, (iii) polyaromatic hydrocarbons (PAH's) near the surface thereby forming a graphene monolayer on the Cu surface (Fig. 8) . The Ar/H 2 flow not only helps in flushing the excess active species and amorphous carbon thereby preventing unintended carbon deposition, but also anneals the film to some extent.
We believe that the conventional nucleation on Cu substrate is avoided due to precracking of gases on the Ta filament and the positioning of the Cu substrate in the filament. Formation of graphene on Cu by C 2 radicals has been reported previously by PECVD 54 . Also, the presence of copper(I)oxide as revealed by Raman and XPS studies excludes the probability of nucleation on Cu. The presence of copper oxide(s) along-with graphene was also reported by Hesjedal et al. during continuous roll-to-roll growth of graphene 55 . Qi et al. 56 also reported the formation of microsized CuO islands on graphene films due to ambient oxidation of underlying copper that is exposed via polygonal holes created in the graphene film during H 2 cooling. The graphene films deposited by us are pinhole free without any overlaying deposition of copper oxide(s) as revealed by FESEM analysis (Fig. 2b-d) . Prima-facie the concomitant presence of Cu 2 O may be attributed to presence of residual oxygen present in the system.
Further, this residual oxygen doping must also have played a pivotal role in oxidation of dangling bonds in our graphene films as evinced by presence of carbon-oxygen bonds in XPS and Raman studies 8 . To test our hypothesis we also tried deposition on Ni and SiO 2 /Si substrates (see Supplementary Fig. S4,S5 ). Graphene deposition was observed on both the substrates but the quality of graphene films grown on Ni was far superior when compared to that grown on Cu and SiO 2 /Si. This indicates that the substrate plays important role in determining the quality of the graphene films and hence the name given to the method.
In our technique, it is possible to deposit samples at low temperatures as precracking of gaseous precursors occurs on the Ta filament 6 .
In lieu with this premise, we were able to observe graphene growth on Cu substrates at ,300uC and also 0% H 2 dilution of CH 4 (results not shown). We would like to specially mention that no graphene growth was observed under conventional HFCVD with different substrate positions and gas ratios, in contrast to the only report by Stojanovic et al. 14 We have demonstrated hot filament thermal CVD (HFTCVD) a new hybrid CVD process combining best traits of HF and thermal CVD to fabricate graphene films as proof of the concept. Strictly monolayer graphene films grown on Cu substrates were studied in detail. Raman and XPS analysis showed the presence of hydroxyl and oxygenated functional groups thereby indicating slight oxidization of the as grown graphene films. C-AFM measurements revealed the presence of non-conducting domains that can be correlated to the occurrence of hydroxyl and oxygenated functional groups observed in Raman and XPS studies. C-AFM also confirmed the metallic nature of our bilayer graphene films. We believe that HFTCVD can be further extended to dope graphene with heteroatoms (H, N, B, etc.,) and combine graphene with wide variety of functional materials like diamond for intended applications. In principle, HFTCVD is not only applicable for graphene, but also can be extended to all other functional materials and processes possible by HFCVD and thermal CVD on industrial scale.
Methods
Preparation of monolayer graphene sheet by HFTCVD. A homemade HFTCVD system (Fig. 1a) was used to grow graphene on Cu (GoodFellow, thickness 0.025 mm, purity 99.9%), Ni (GoodFellow, thickness 0.025 mm, purity 99.9%) and SiO 2 (300 nm)/Si (p-type, Crystal GmbH). The substrates were cleaned by sonication in organic solvents (acetone and isopropanol) prior to the loading in the CVD chamber. In our HFTCVD system, Ta filament was used (Advent Research Materials, diameter ,0.40 mm, purity ,99.9%), and substrates were placed in the middle of alumina tube (Frialit-Degussit Technical Ceramics, diameter ,2 cm, length ,8 cm). All precursors gases (CH 4 , H 2 and Ar) with purity ,99.99% from Praxair and Air Liquide were used for graphene deposition.
Characterization of graphene sheet by AFM and FESEM. Two commercial AFM (NT-MDT, Ntegra Aura and Nanotec's AFM with Dulcinea Electronic) were used for surface topography studies on as-grown and transferred graphene films in tapping mode. In addition to this, field-emission scanning electron microscope (FESEM; SU-70, JEOL) was used to study surface morphology of as-grown graphene on Cu substrate and graphene samples transferred on TEM Cu grid (Ted Pella Inc.).
Characterization of graphene sheet by X-ray photoelectron spectroscopy (XPS). XPS spectra were acquired in an ultra high vacuum equipment (,10 210 mbar) 40, 57, 58 using a hemispherical electron energy analyzer and an Mg K-alpha X-ray source (1253.6 eV). The XPS spectra of the different regions were decomposed in lorentziangaussian curve components. We applied the criterion of using the lowest number of components with widths smaller than 1.5 eV for the analysis of the O 1s and C 1s peaks. All samples were measured under the same conditions and fitted with the same parameters.
Characterization of as-deposited graphene sheet on Cu substrate by Raman spectroscopy. The Raman spectra were obtained at room temperature in back scattering configuration with a Jobin-Yvon LabRam HR equipped with a Multichannel air cooled (270uC) CCD detector. An objective of 50x magnification was used to focus on the sample surface when excited with the 325 nm and 441.6 nm laser lines, respectively. The Raman spectra were excited using lower power density on the surface to avoid damage or laser induced heating. Preliminary measurements were carried out in order to optimize the power density and the signal/noise ratio for which the Raman spectra remain unchanged for sequentially acquisitions in the same spot. The system was calibrated at 520 cm 21 and 1332 cm 21 using a Si (111) and diamond reference samples, under 325 nm laser excitation lines. The laser line was changed to 441.6 nm, maintaining the focus at the same point on the sample. The calibration was attained using the Raman band at 2324 cm 21 , which is assigned to the Q-branch of the fundamental vibration-rotation of N 2 atmospheric gas 59 that fortunately is detected in Raman spectrum collected under both laser lines excitation.
Local current mapping of free-standing graphene membrane on TEM Cu grid. Local current mapping was performed by conductive atomic force microscopy (C-AFM) (NT-MDT, Ntegra Aura) in contact mode under ambient conditions. The C-AFM involves contact-mode Pt/Ir-coated silicon cantilevers (spring constant ,0.2 N/m, resonance frequency ,300 kHz, CSG10/Pt, NT-MDT) for local current mapping and surface imaging. The topography and current imaging of BLG sheet was recorded simultaneously with bias voltage 13 V DC. During C-AFM measurements, a force of 200 nN was maintained; the tip was electrically grounded, and a bias voltage was applied to the sample. Tip velocities of 2-10 mm/s were used for C-AFM imaging, while I-V measurements were recorded when sample was biased with 63 V DC supply (Fig. 7a) .
High-resolution transmission electron microscopy of transferred graphene sheets. A conventional high-resolution (HR) TEM (JEOL 2200F TEM/STEM) was operated at 200 kV with a point resolution of 0.16 nm, equipped with a GIF-2000 spectrometer on graphene films transferred on Cu TEM grid (Ted Pella Inc.) by dissolution of Cu substrates.
